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ABSTRACT

An unsteady stratified model of the Skagerrak is described. The model includes the trench along
the Norwegian coast and the shelf on the Danish side and is driven by a combination of surface
wind stress, outflow from the Kattegat and run-off from the rivers and fjords along the
Norwegian coast. The seasonal variation of the run-off is described and incorporated into the
numerical model. Certain wind and run-off conditions produce a general outflow in the trench.
Other conditions induce an outflow by the coast with a counter-current in the centre of the
trench. Recirculation often occurs near the Swedish coast.

1. Introduction

The Skagerrak in an interesting area of sea
bordered by Denmark, Norway and Sweden. It is
open to the North Sea at the western end and con-
nected to the Baltic Sea outflow through the Belt
Sea by the Kattegat. The bottom topography of
the Skagerrak consists of a trench up to 600 m
deep on the Norwegian side and a shallow bank on
the Danish side with an average depth of only
50 m. The deep trench is part of the Norwegian
Trench that follows the coast of Norway to the
edge of the continential shelf in the northern North
Sea.

The density distribution in the Skagerrak
generally consists of a light shallow layer above
deep denser water with a sharp pycnocline at
about only 40 m depth. Some salinity sections
across the Skagerrak are presented in Rodhe
(1987). The pycnocline generally becomes less
sharp as the coast is approached, as illustrated by
Gjevik and Host (1984). Due to fresh water run-off
the haline stratification is present throughout the
year. The thermal stratification changes sign
during the course of the year and in winter, for
example, the coastal current is much colder than
the underlying water and may reach down to
100 m depth.

There are many different driving mechanisms
for the flow in the Skagerrak. There is the

seasonally varying outflow from the Baltic through
the Kattegat and run off into the Kattegat from
Danish and Swedish rivers giving a typical annual
inflow into the Skaggerak of about 15,000 m3s~!
or 473 km? per year according to figures given by
Svansson (1975). The run-off from the Norwegian
rivers into the Skagerrak is very seasonal with the
maximum after the Spring snow melt. A typical
mean annual average is about 2,000 m3s~! or
63 km? per year. These figures must be compared
with estimates of the Skagerrak current of about
200,000 m® s ~! or 6,300 km? per year in February
to 500,000m3s~! or 15,750 km® per year in
November. Hence the flow in the Skagerrak must
be largely a recirculation of water entering from
the North Sea and leaving by the Norwegian
Trench, but modified by local inflows and winds.
The recirculation is discussed by Furnes et al.
(1986) who claim that the incoming Atlantic water
is mostly retroflected in the Norwegian Trench
before it reaches the Skagerrak.

Some of the inflow from the North Sea comes
along the Danish coast as the Jutland current.
An estimate of the transport in this current has
been given by Jensen and Jonsson (1987) as
150,000 m?® s —!. The recirculation in the Skagerrak
is described in the context of an extension to the
North Sea circulation in a review article by Eisma
(1987).

The effect of wind forcing on the Skagerrak out-
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flow is investigated by Aure and Saetre (1981) who
describe the alteration between the blocking of the
outflow by westerly winds and the outbreak of
Skagerrak water that follows when the westerly
winds relax. The outflowing water usually follows
the Norwegian coast but it sometimes diverges
from the coast and enters the North Sea, as shown
by Saetre etal. (1988). Current measurements
have been made along two sections in the
Skagerrak by Rodhe (1987), showing a mainly
cyclonic circulation. Gammelsrod and Hackett
(1981) have used inverse methods to infer the
geostrophic circulation in the Skagerrak at three
sections from hydrographic data. They show that
the dominant flow is a recirculation of water from
the North Sea into the Norwegian Trench.

2. The model formulation

In Johnson (1985a), a set of model equations are
derived for the flow in a long narrow sea. These
equations are solved for a model with trench
topography and uniform coastal run-off in
Johnson (1985b). In this paper, the solution
is extended to include non-uniform run-off
that represents the seasonal outflow from the
Norwegian rivers, a deeper trench with a profile
similar to the Skagerrak, and the effects of wind
stress forcing at the surface. The derivation of the
appropriate model equations is described in
Section 4.

As the region of sea being modelled is of limited
latitudinal extent the f-effect is unimportant and
hence the Coriolis parameter f is assumed con-
stant. Therefore the orientation of the axes is not
significant from a latitudinal point of view and so
they are chosen with y measured along the coast
and with x as the onshore coordinate. This is in
keeping with most other models of flows in coastal
trenches and over continential shelves. The vertical
coordinate z is upward from the surface at z=0.
The coordinate system in relation to the Skagerrak
is illustrated in Fig. 1. The Swedish coast lies at
y = y, and the outflow to the North Sea at y = y.

The model described below is suitable for the
narrow trench on the Norwegian side of the
Skagerrak where the majority of river run-off
enters the sea, and may be regarded as the first part
of a much larger model that follows the Norwegian
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Fig. 1. The coordinate system of the model in relation to
the Skagerrak.

Trench around the coast. To simplify the calcula-
tions it is assumed that the bottom topography is
given in dimensionless form by z= — H(x) with a
vertical end at the Swedish coast. This is clearly
not a very satisfactory model near the Swedish
coast but the main interest in this paper is the effect
of the current downstream from the run-off from
the Norwegian coast.

In the derivation of the model equations in
Johnson (1985a) the principal requirments are
that the velocity component v along the coast and
along the trench is larger than the onshore compo-
nent u, and that variations along the trench have a
longer length scale than variations across the
trench. This leads to considerably simplification in
the differential equation to be solved for v. With
the trench topography, the onshore interior trans-
port is restricted in magnitude by the fact that it
has to enter the bottom boundary layer on the
sides of the trench, whereas the alongshore flow is
unrestricted as the far end of the trench is open to
the deep sea.
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3. The run-off along the Norwegian coast

The principal run-off from the Norwegian coast
into the Skagerrak comes from the following
rivers, from east to west, Glomma, Dramselv,
Numedalslogan, Skienselv and Nidelv. The mean
monthly outflow from these rivers over the period
1971-1980 has been determined by the Norwegian
Water Resources and Electricity Board (NVE)
and is summarized in Fig. 2a. For each river there
is a spring maximum in May following the snow
melt. This is preceded by a minimum in March due
to the locking up of water in ice and snow. The
annual mean for each river is given in Table 1. The
total annual average run-off from these five rivers
for this period of years is 1,269 m* s ~!, which may
be compared with the figure for typical run-off into
the Skagerrak of 2,000 m>s ! given in Section 1.
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This distribution of average run-off along the coast
is represented in Fig. 2b.

As the main interests in this paper is the effect of
run-off on the flow in the Skagerrak it is con-
venient to fit an analytical expression to this data
to facilitate insertion in the numerical model. To
include the annual variation, let the run-off along
the coast be given by

Re(y, 1) = Ry(t) Re(y), (1)

where the temporal variation is represented by
Ry(f)=4+ 4 tanh 0.07(90 — 1)

+ tanh 0.05(¢ — 210) +  tanh 0.07(370-¢)

+ 8 sech 0.05(¢ — 201), (2)

where unit time corresponds to about one day. The

Table 1. distribution (2) is plotted in Fig 3a against a
: T, monthly time scale and may be compared with the
River Annual mean "“’ﬂgg’ (m”s™)  NVE figures for the five rivers in Fig. 2a. To allow
(1971-1980) for the variation along the coast for the various
Glomma 7300 ri‘vers an additional coastal function is included
Dramselv 3082 given by
Numedalslogan 1162
Skienselv 2660 Rc(y) = Rpo[exp{ —120(y — y,—0.05)%}
Nidelv 1026 ,
+0.35 exp{ —120(y — y,)*}] 3)
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Fig. 2. (a) the annual variation in the mean monthly outflow from rivers into the Skagerrak. (b) The average run-off
from each river per month. All data is based on the means from 1971 to 1980.
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Fig. 3. The variation of (a) run-off with time, R (r) given by eq. (2), (b) run-off along the coast, R.(y) given by eq. (3).

and shown in Fig. 3b, where Rpo and y, are
constants. In all the numerical calculations that
follow, y,=0.8, y,=1.1, y,=14 and y=1.5.

The continuous distribution (3) is used to repre-
sent the general pattern of the discrete distribution
of outflow from the rivers shown in Fig. 2b. The
main interest in this paper is on the overall effect of
run-off on the coastal current rather than the local
effect near any individual estuary.

4. The equations of the model

The model cross-section is split into an interior
region sandwiched between surface and bottom
Ekman layers. In the interior region it has been
shown in Johnson (1985a) that the dominant
terms in the dimensionless equations of motion are

V= Py, 4)
(L/YT)) v+ u=—p,, (5)
p. =50, (6)
u,+v,+w,=0, (7

(LATV)) 0+ ub, +ub, + wb,=0, (8)

where u, v and w are the velocity components
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corresponding to x, y and z, respectively, p is the
pressure and 6 is a buoyancy function (that
includes the effects of salinity as well as tem-
perature). Further details are given in the
Appendix. Buoyancy function is used in place of
the more comon equivalent temperature as the
baroclinicity is more due to salinity than tem-
perature. L and [/ are length scales related to the
length and width of the Skagerrak, T'is a time scale
and V is a velocity scale, f is the local Corolis
parameter and S is a stratification parameter.

The simplifications involved in eq. (4)-(8) may
be summarized as follows. All frictional and
diffusive effects are confined to the bottom and
surface Ekman layers and only affect the interior
region through Ekman suction. The hydrostatic
balance (6) is a good approximation to the vertical
distribution of p. As the Rossby number (R,=
V/f1) is assumed small, the nonlinear terms in the
momentum equations may be neglected compared
with the geostrophic terms. The flow along the
narrow sea is in geostrophic balance by eq. (4).

Two natural time scales appear in eq. (5) and
(8). The shorter barotropic time scale, T=T, =
L/(If), is associated with the spin up or
geostrophic adjustment of the flow v along the
narrow sea. The longer baroclinic time scale, 7=
T,= L/V, is concerned with the adjustments to the
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buoyancy field due to advection. The ratio of T, to
T, gives T=R,T,.

The following are typical values for the
Skagerrak; /=100km, L=300km, V'=0.25ms "},
f=10"*s~'. With these values the Rossby
number R,=2.5x 1072 and is indeed small. The
barotropic time scale T, = 8 h, so that a significant
change in the velocity field may be expected to
happen over periods of a few days, with fairly rapid
spin-up due to onset of wind. However, the
baroclinic time scale T, = 14 days, which suggests
that significant changes to the density or tem-
perature and salinity fields are likely to occur more
slowly over periods of 1 or 2 months.

The blocking situations described by Aure and
Saetre (1981) are an almost instantenous reaction
to a change in the westerly winds. These sudden
changes are mainly confined to the surface Ekman
layer, which in the model changes on a shorter
time scale than 7.

In order to deal with the rapid changes in the
velocity field, choose T=T, so that (4) to (8)
become

v=p,, vtu=-—p, )
p-=S0, (10)
v,+v,+w,=0, (11)
0,4+ Ro(ub . +v0,+wb,)=0, (12)

with the last equation demonstrating the slow
changes in buoyancy function 8 by advection with
the rapidly changing velocity field.

To reflect the different time scales, let

p=p*x, y, 1)+ p(x, y, z, Rot),

where p* and j are the barotropic and baroclinic
components of pressure respectively. Similarly let

u=u*+4, v=0*+17,

but to allow for the variation of w with depth, let
w=w*(x, y, z, t) + W(x, y, z, Rot).

The buoyancy field is written

0="0(x, y, z, Rot),

and changes only on the longer baroclinic time
scale.

4.1. The barotropic components
Egs. (9)to (11) are '

* —
v _p:a Uz*+“*—*17}ka

pr=0, H(uf+vy)+wF=0, (13)
where { = z/H(x) is a vertical coordinate that sets
the surface at { =0 and the bottom at { = 1. It may

be deduced from (13) that

Hp¥. = Hv¥ =w§ and w =0. (14)
The Ekman suction conditions, derived in
Johnson (1985a), may be written

w*=1]—13 at {=0, (15)
and

w* + H u* = (Av*), (16)
at

{=-1, A?=2(1+1H?2),

where A = E/E is the ratio of the horizontal and
vertical Ekman numbers, which is small for typical
values appropriate to the Skagerrak. In eq. (15),
the term (—17) has been retained compared with
Johnson (1985a). Here t* and t” are the wind
stress onshore and alongshore, respectively. The
retention of the 7 term is to investigate the situa-
tion when the wind is blowing offshore from the
Norwegian coast, that is for the case t* <0, 7 =0.
The second condition, eq.(16), states that the
normal velocity into the bottom Ekman layer is
proportional to the divergence of the Ekman
transport (Av*).

Combining the suction conditions (15) and (16)
with (14) leads to the eq. for the barotropic
pressure field

Hp*, + H p%+ p% 2+ H pf=12—15. (17)

This eq. is solved subject to an appropriate set of
boundary and initial conditions. The sea is closed
by a boundary at y =y, corresponding to the
Swedish coast, and therefore a condition of zero
net transport through this boundary is satisfied if

p*+ pl,- _,=constantat y=y,. (18)

If T*#0 at y=y,, then there is upwelling and
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downwelling at this boundary. To avoid this com-
plication in this investigation the wind stress 7~ is
always chosen to have zero value at y = y,.

At the Norwegian coast (x = 1) the boundary
condition takes account of the volume input from
the run-off as well as balancing the transports in
the Ekman layers, which requires that

p¥+pe=v

=("+Rp)/2 at  x=1, (19)
where Rg(y, t) is the coastal run-off or outflow
from rivers and fjords described in Section 3. On
the Danish side of the Skagerrak the water is
generally shallow and, to simplify the calculations,
a condition is applied over the Danish shelf that
balances the transports towards the coast in the

Ekman layers and in the interior so that

pf+ﬁx|C=Al
0

+|:H\/§(p;+[7:,)+\/ij ﬁydz:|
—H

=(t"—Rg)/2  at

where Ry (y, t) represents the outflow from the
Kattegat near y = y,. The bracketed terms on the
left-hand side of (20) come from Hu, the interior
transport.

To compute the barotropic solution requires
integration of (17) starting from the initial condi-
tion p* =0 at =0 and satifying conditions (18)
to (20). This provides the distribution of the
barotropic velocity and pressure fields for >0
driven by surface wind stress 7, run-off Ry from
rivers and fjords, outflow Rk from the Kattegat
and feed-back from the baroclinic fields through
in (18) to (20).

(20)

x=—1,

4.2. The baroclinic components

The slowly varying baroclinic fields satisfy, from
(9) to (12), the following eqgs.

0=p.— ((H./H) p;,

i=—p,,  p.=SHD, (1)
G, — (CH/H) G+ 6,+ H Y, =0, (22)
0;=—w*+a)0,—(H.H'0,)

—(*+6)0,— (w*+ W) H'0,, (23)
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where 7= R,t. At the initial time ¢=0, the
buoyancy function 6(x, y,z, R,) and hence,
through (21), the pressure field p are prescribed.
Subsequent variations in # are calculated using
(23) and then the changes in p, 4, 6, w are found
using (21) and (22).

In the above formulation, it is assumed that the
run-off enters at the local ambient density. This is
a serious restriction (as only the effect of additional
volume is included). However some interesting
results are produced by this simplified model.
A further investigation involving the run-off
introducing its own buoyancy and the affects of
advection in the boundary Ekman layers has been
started.

5. The numerical solution

The numerical problem to be solved consists of
the flow in a trench along a coast as shown in
Fig. 4, with the flow driven by prescribed run-off
Ry at the Norwegian coast at x=1, by surface
wind stress (7%, t”) and by prescribed outflow Ry
from the Kattegat at x= —1 near y = y,.

The barotropic pressure p* is determined by
solving (17) to (20) using a semi-implicit
numerical method. In eq. (17), x derivatives are
approximated by central differences whereas y and
t derivatives are replaced by forward differences.
Forward differences are used for y and ¢ derivatives
because of the nature of these terms in eq. (17).
Central differences are used for x derivatives to
give a more stable semi-implicit method. At =0,
p* is set equal to zero, the buoyancy distribution §
is prescribed, and (21) is used to determine j.

Rk (y)

Fig. 4. Geometry of the model trench.
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Using the latest values for j at each subsequent
time-step ¢, the integration of (17) starts at y = y,
and proceeds for increasing y using the Crank-
Nicolson method to evaluate p* at time step ¢ + At
for all x-points across the Skagerrak for each y.
The solution is stepped along the Skagerrak until
y= yn is reached. When this is completed the
calculation for p* resumes at y = y, for time level
t+2 At. The boundary conditions given by (19)
and (20) with the most recent values of p are incor-
porated in the Crank-Nicolson tridiagonal matrix.

At each time step in the calculation, the slow
change in § (and hence in p) is determined from
(23) using the latest values of u*, v*, w* calculated
from (13). The updated values of p are used to
revise the values of 4, ¥ and W using (21) and (22)
which are then substituted in the next time step of
the p* calculation.

Special care has to be taken at the open bound-
ary to the North Sea at y = yy. When the flow is
outward at y = y, there is no numerical problem.
If however, the velocity at y = y, is inward with
¥ y <0 then some decision has to be made about
the buoyancy advected into the Skagerrak. It is
assumed that changes occur more slowly in the
open sea beyond y = y, than in the semi-enclosed
Skagerrak. This assumption is built into the
numerical scheme by arranging that, at one grid
point beyond y= y,, the buoyancy function is
held fixed at the initial distribution (chosen at time
t=0) unless it is changed by (i) outward advection
from the trench and shelf or (ii) slow sideways
mixing. In mathematical terms these assumptions
require the buoyancy 6, ., at the grid point
y= Yy to satisfy

00x .4 0y,
N+l y, —N+1
ot R Vy ay
020w 41 .
+uEy 5 if Vy<O,
0x
Wyer 5 POuas ¢y

o fePuToa

where 11, and u, are constants and Ey, is an Ekman
number. The u, terms represents the effect of out-
ward advection and the yu, terms allows some
lateral mixing. In the numerical calculations
#,=40and u, Ey =0.0S.

In all the numerical examples described below,
the following parameters are used
S=1, Ry=25x1072
so that the baroclinic time scale is 40 x longer than
the barotropic time scale. The time step At = 0.02
and the horizontal grid has Ax=0.067 and
Ay =0.05 with 31 grid points across the Skagerrak
and 15 grid points along the Norwegian coast.
There are 11 grid points in vertical. The time step
corresponds to about 30 minutes based on r=1
corresponding to one day with a barotropic time
scale of 8 h.

The wind stress distributions are, unless stated
otherwise,

*=1§{1—exp(—2(y — y,))} tanh 0.4,
?=1{1 —exp(—2(y — y,))} tanh 0.4¢,

(24)
(25)

where t, 7§ are specified constants. The tanh
factor merely enables a smooth spin-up to the
calculations. Note that the winds are zero at the
“Swedish” coast at y = y,. This avoids the com-
plication with upwelling at that coast and is a
numerical convenience. The initial buoyancy
distribution is

é(x’ y’z’0)=(%+%.V)

x {3+ 2 tanh 24(z + 0.15)} (26)
giving a lighter layer above z = —0.15 and a denser
layer below with a smooth pycnocline around
z=—0.15. Initially the buoyancy function
increases (and the density decreases) with distance
from the Swedish coast.

The outflow from the Kattegat is represented by

Ry = Ryo(y— ) exp{30(y,— y)} tanh 0.4,
(27)

where Ry is a specified constant and the tanh
term is again for smooth starting of the numerical
calculation. As the principal purpose of this paper
is to examine the effect of seasonal run-off from the
Norwegian coast, a non-seasonal outflow from
the Kattegat is used to avoid complicating the
seasonal effect. The expression (27) effectively
limits the outflow to the range y, < y<0.7y, as
illustrated in Fig. 8. This distribution (27) has an
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appropriate cross-section to represent the Baltic
current along the Swedish coast.

The bottom topography of the trench is -

specified by
H(x)=0.15[1+5exp{ —10(x — $)*}]
x [1—exp{10(x—1)}],

which has a trench centred at x = 4, just offshore of
the “Norwegian” coast at x =1, and a shelf as the
“Danish” coast is approached at x= —1. The
profile shape is shown in Fig. 4. The run-off from
the Norwegian coast is given by (1) to (3) and
represents, as described in Section 3, the annual
variation of the run-off from the rivers and fjords
of the eastern Skagerrak.

(28)

5.1. Example I. Reversing wind. No run-off.

The observations reported by Svansson (1975)
and described in Section 1 imply that the effects of

run-off are a perturbation to the main flow in the
Skagerrak which is largely a recirculation of water
entering from the North Sea. Therefore in this first
example, run-off is excluded to illustrate the effect
of changing wind direction on the basic Skagerrak
circulation.

The wind stress distribution chosen for just this
example is

¥ = — {tanh 2¢ — tanh 2(¢ — 10) + tanh 2(z — 14) }

x {1—exp(=2(y —y,))}, (29)

7 =0,

which represents a change in the direction of the
wind component t* at t=10 and 7= 14. An off-
shore wind (t* <0 at t=9) produces a surface
Ekman transport away from the Swedish coast at
¥y =Y,, which is compensated by an inflow v in the
interior as shown in Fig. 5. The interior v induces

=1 = I <=1
/’
//
,/
/7
/
/
» Y1 4
C 82,
9
Ys t-13 t=17
1 -1 0 1
x
tx
0
0 . LN L v
TN
Uk
L] LA T Ll = =
0o 5 9 13 17 =9.y=y,

Fig. 5. Upper panels: Contours of p* and 05 (shown dashed) at times 1 =9, 13, 17 for Example I with reversing wind
and no run-off. Lower panels; left to right: (i) the variation of wind stress with time, (ii) the profile of bottom
topography across the trench with isotherms at time ¢ = 13, (iii) the distribution of v* and u* across the trench at

time ¢t =13.
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a flow towards the Norwegian coast in the bottom
Ekman layer which in turn is compensated by a
flow away from Norway in the interior. An
onshore wind (t*>0 at z=13) has the opposite
effect and the interior flow is outward towards the
North Sea. The contours for p* provide an indica-
tion of the geostrophic components of the velocity
field. As shown in (13) there is also an
ageostrophic component when v* is changing with
time.

The main flow along the coast is in the centre of
the trench with sometimes a weaker counter
current near the coast. Cross-trench flows are
stronger over the shelf due to the shallow depth
and because the weaker alongshore flows over the
shelf reduce the amount of onshore flow in the bot-
tom boundary layer. The difference in the circula-
tion when 7* <0 with a westerly component of
wind and when 7* > 0 with an easterly component
of wind is consistent with the blocking effect on the
circulation reported by Aure and Saetre (1981)

Ly —
let

when the wind is westerly. This effect will be dis-
cussed further in example III when the Kattegat
outflow is included.

The isopycnals remain close together over the
shelf showing the strong pycnocline but are more
diffuse in the deeper water showing characteristic
bowing in association with the along-trench
velocity field. The isopycnals at the top of the
interior region are advected back and forth by the
interior flow.

5.2. Example 11. Seasonal run-off. No outflow from
Kattegat

The seasonal example includes the periodic run-
off from the Norwegian coast discussed in Sec-
tion 3 with Rpo=0.25. To concentrate on the
effect of various wind distributions on the circula-
tion produced by this run-off, the effect of the out-
flow from the Kattegat is omitted from this exam-
ple. For the case t*=0, 77 <0 (1§ = —0.5in (25))

Fig. 6. Upper panels: Contours of p* and 05 (shown dashed) at times ¢ =90, 210, 330 for Example IT with seasonal
run-off Ry and no outflow from Kattegat. Lower panels; left to right: (i) the distribution of isotherms across the
trench, (ii) the velocity v* and (iii) the velocity u*, all at time =210 and at position y =y, or y = y,.

Tellus 43A (1991), 1



EFFECTS OF VARYING WINDS AND FJORD RUN-OFF 77

with the wind blowing into and along the
Skagerrak, the numerical solution is illustrated in
Fig. 6. The times =90, 210, 330 correspond to
February, June and October respectively. June is
the time of maximum run-off as seen in Fig. 3a
whereas February is in the middle of the winter
period of minimum run-off and October is at the
end of the period of large spring and summer run-
off.

With the wind stress into and along the
Skagerrak, the surface Ekman transport is offshore
from the Norwegian coast inducing a general
onshore flow in the interior except when it is
affected by the run-off. The inflow to the model
caused by the run-off induces a net outflow from the
Skagerrak to the open sea at y = yy. The maxi-
mum outflows occurs over the trench at y=y,
downstream of the river inflow, but at the coast at
y=y, where there is run-off. The outflow is
proportional to the amount of run-off and is

greatest in June. Interpretation of these figures
may be helped if it is recalled that although the
dimensionless  and v have similar magnitudes, the
corresponding dimensional u is much less than v
due to the scaling used to obtain (9).

The shape of the isopycnals are very similar to
the alongshore v velocity, indicating the impor-
tance of advection. The interesting bowing of the
isopycnals with depth is associated with the com-
plex u and v distributions. As surface heating and
cooling are not included in this model, the
seasonal effect of temperature is not apparent in
these figures.

The effects of changes in wind direction on the
circulation produced by the October run-off are
shown in Fig. 7. Once again due to the net inflow
from rivers and fjords there is a net interior out-
flow from the Skagerrak in all cases. However
the outflow is not uniform across the channel
Three different wind directions are represented in

Fig. 7. Contours of p* and 04 and distribution of R, u*, v* for Example II with seasonal run-off and no outflow from
Kattegat. From left to right the panels show at time ¢ =330 (corresponding to October) cases (a) 7§ =0, 1§ = -1,
B)tg=—4,ty=0,(c)rz=4%,1{=0.

Tellus 43A (1991), 1



78 J. A. JOHNSON

Fig. 7 using the wind distribution (24) and (25)
with (a)ti=0, tf=—13; (b)tg=—3, 1y=0;
(¢)t§=1, 14 =0. In case (a) the wind is blowing
into the Skagerrak from the south-west and
generates a surface Ekman transport away from
the coast at x =1 towards the shelf at x =0. This
transport induces a positive u over the shelf
whereas the run-off at x =1 requires a negative u
on that side of the channel. As there is no surface
. Ekman transport along the channel, the net out-
flow in the trench is provided by a combination of
the return inflow over the shelf and the run-off
along the coast.

For case (b) with a northwesterly wind blowing
offshore from the coast at x = 1, the surface Ekman
transport is along the channel towards the open
sea. Thus the net outflow from the run-off is shared

between the surface Ekman layer and the interior.
Hence the interior transport is largely a recircula-
tion with inflow from the open sea along the
deeper part of the trench and outflow near the
coast. This situation with a counter-current in
the trench is similar to the observations described
by Aure (1978) of a section across the Skagerrak
off Stavern in November 1974.

The positive t* in case (c) represents a wind
blowing from the south-east towards the
Norwegian coast which induces a surface Ekman
transport into the Skagerrak from the open sea.
Therefore there must be a larger interior outflow
than in the previous two cases to deal with both
the incoming Ekman transport and the inflow
from run-off. The interior u velocity balances the
bottom Ekman transport induced by the positive v

.U# ________

Y=Y2

Fig. 8. Contours of p* and 6 and distributions of u*, v* for Example III with seasonal run-off Ry and outflow from
Kattegat Ry. From left to right the panels show at time = 210 (corresponding to June) cases (a) 13 =0, 1§ = —1,

(b)ty=—14,74=0, (c)ti=—1, t{=0.
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over the shelf near x = —1 and accepts the run-off
at x= 1. For the same wind distribution but with
increased run-off in June a similar circulation pat-
tern is produced but with enhanced velocities. The
peak in the outflow in the centre of the trench is
similar to the observations described by Aure
(1978) for a section across the Skagerrak off
Jomfruland in June 1974.

5.3. Example IIl. Seasonal run-off. Outflow from
Kattegat

In this example, a mean outflow Ry, given by
(27), from the Kattegat is included, and the run-off

Ry is reduced in magnitude compared with the,

previous example, giving a better balance between
the two inputs of water into the Skagerrak. The
coefficients Rgo =200 and Rgo =0.15 are chosen
which gives a net outflow from the Kattegat that
is about eight times the net run-off along the
Norwegian coast in agreement with the relevant
magnitude given in the introduction.

Three different wind vectors are considered with
t* and t” given by (24) and (25) for (a)75=0,
2=—4; (b)ti=—1,13=0;(c)15=—1, t{=0.
The numerical results are presented in Fig. 8 for
t=210 (corresponding to the June run-off). In
case (a) the south-westerly wind blows into the
Skagerrak from the open sea, similar to Fig. 7(a),
and induces a surface Ekman transport away from
the Norwegian coast. This is compensated by a
general interior flow towards that coast. The along
trench component v is strongest in the trench and
is reversed over the shelf where it permits inflow in
the bottom boundary layer. The distortion of the
surface isopycnals indicate the strong advection in
the trench.

The other cases both have the north-westerly
wind blowing offshore from the Norwegian coast,
but with different strengths, and with surface
Ekman transport along the Skagerrak towards the
open sea. In case (b) the surface Ekman transport
is roughly equivalent to the inflow from run-off
and from the Kattegat. Consequently the interior
flow just recirculates and does not contribute
significantly to the outflow. The negative v over the
shelf is associated with an inflow in the bottom
boundary layer. In case (c) the increased wind
induces an increased outward surface Ekman
transport and to compensate there is a net interior
inflow from the open sea particularly along the
trench with a coastal jet flowing out along the

Tellus 43A (1991), 1

Norwegian coast. There is a significant recir-
culatory gyre near the Swedish coast at y= y,.
This circulation pattern is very similar to the
observed flow described by Rodhe (1987) from
observations taken in 1975 to 1977. Unfortunately
no wind data is given.

6. Summary

Some of the effects of wind driving, river and
fjord run-off and Kattegat outflow on the circula-
tion of the Skagerrak have been considered. The
examples described in Section 5 have concentrated
on the changes to the flow in the Skagerrak caused
by seasonal run-off from along the Norwegian
coast, for various prescribed winds. No detailed
examination has been made of the relative
strengths of the circulation produced by winds and
run-off, or of the considerable seasonal variations
in the outflow from the Kattegat. To perform such
a calculation adequately requires the use of a
primitive equation model driven by a time series of
wind distribution. This paper is concerned with
using a simplified model to assess the qualitative
effects of certain combinations of driving
mechanisms.

From the examples in Section 5, it is apparent
that if the wind is off the Norwegian coast (that is
north-westerly) there is a strong inflow into the
Skagerrak from the open sea within the trench
with a weaker counter-current near the coast. This
result is similar to the blocking effect described by
Aure and Saetre (1981). Whereas when the wind is
south-westerly or into the Skagerrak, the outflow is
a maximum in the centre of the trench, as observed
by Aure (1978). The overall pattern of the flow in
the Skagerrak is the recirculation of water entering
from the North Sea, but modified by inflows from
the Kattegat and from the Norwegian rivers, often
with a closed gyre near the Swedish coast. This
mainly cyclonic circulation has been observed by
Rodhe (1987).
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8. Appendix

The relationships between the dimensionless

(unstarred) variables and the dimensional
(starred) variables are

x*=lx, y¥*=Ly,

z*=(ID/L)z, t*=Tt,

u*=(IV/L)u, v*= v, w* = (IDV/L*)w,

P*+pogz*=(po fVl) p,
0* =0, + (A9)0,

p* = pol 1 — (6% — 0,)1.

Here /, L, D are length scales related to width,
length and depth of the Skagerrak respectively. V
is a velocity scale and T a time scale. p, and 6, are
constant reference density and buoyanct function
respectively. Af is a scale for the vertical variation
of buoyancy.

The dimensional buoyancy function 6* is
defined by

af* = a(temperature) — d(salinity),

where a is the coefficient of thermal expansion and
@ is the fractional increase in density per unit
increase in salinity. Substitution for p*, z* and p*
in the hydrostatic balance

where g is the acceleration due to gravity, leads to

op
- _ 50,
0z §
where S= gaD(AO)/(f, VL) is a stratification
parameter.
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